Optical control strategies in semiconductor nanostructures have almost exclusively relied on heavy-hole exciton and trion states. In the first part of this letter, we show that light-hole trions provide the missing ressource for consolidating all single qubit operations in a mutually compatible magnetic field configuration: electron spin initialization and control can be achieved through lighthole trion states and cycling transition is provided by heavy-hole trion states. In the second part, we experimentally demonstrate that pairs of nitrogen atoms in GaAs exhibiting a C s symmetry bind both light-and heavy-hole excitons and negative trions. A detailed analysis of the fine structure reveals that that trion states provide the lambda level structure necessary for fast initialization and control along with energetically-protected cycling transition compatible with single-shot readout.
(v x − v y ), δ = (δ 1 − δ 2 ) 2 + 4δ 2 3 , and α z = g h µ B B z . The Zeeman Hamiltonian in this linear approximation depends only on the hole g-factor g h and the Bohr magneton µ B .
The key condition to the realization of this scheme is α z δ 3 , such that the mixing is similar to the one applied in Ref. 6 . A resonant π y laser excites one of the two heavy-hole trions. As any of these states only couples to a single electron state, a energetically-protected cycling transition is available for single-shot readout. Here, detection can be performed along the optical axis defined in Fig.1(b) or alternatively along z for better signal discrimination and collection efficiency. The maximum readout fidelity is evaluated from 1 − η −1 , where
is the branching ratio, defined as the square of the oscillator strength ratio between the cycling and forbidden transitions originating from a given heavy-hole trion state.
Central to this proposal are three key conditions: 1) optical access to both light-and heavy-hole trions, 2) a Voigt configuration and 3) a relatively small δ 3 . If conditions 2 and 3 are rather straighforward to implement, condition 1 represents a significant obstacle. Strainengineered quantum dots (QDs) [15] are interesting candidates, but light-hole trions have yet to be observed. Recently, isoelectronic centers were proposed as promising alternatives to QDs for quantum information processing [17] and, in the second part of this letter, we demonstrate that centers formed from a pair of nitrogen impurities in GaAs provide convenient optical access to both light-and heavy-hole trions. Furthermore, a detailed analysis of their emission reveals an energetic structure closely approaching the one shown in Fig. 1(a) for a magnetic field configuration minimizing mixing due to δ 3 .
The studied sample was grown by molecular beam epitaxy along [001] and is composed of a 25 nm layer of GaAs:N clad by two 5 nm GaAs layers and sandwiched between two Al 0.25 Ga 0.75 As barriers. Microluminescence measurements were carried out at 4 K in a custom made confocal microscope. The sample was excited at 780 nm and the polarization was analyzed using a quarter or a half-wave-plate and a linear polarizer. Magnetic fields from -6 to 6 T were applied parallel to the optical axis of the microscope and along the growth direction.
In contrast with other extensively studied C 2v configurations in GaAs [18] [19] [20] [21] , the nitrogen pair configuration of C s symmetry binding negative trions has never been reported. σ- observed, the diamagnetic shift and the pseudo-acceptor nature of the nitrogen pair, we conclude that the trions are negatively charged (see Supplemental Material for a detailed discussion). Figure 3 shows the emission fine structure of a negative trion at zero and high magnetic field, detected in linear ( Fig. 3(a) ) and circular polarization basis ( Fig. 3(b) ).
As expected from fig. 1a , the fine structure is composed of two transitions at zero field split by δ = 100 µeV; the high (low) energy lines correspond to dominant light-(heavy-) hole trion states. The absence of clear polarization contrast in both the linear and circular bases indicates that these two lines are formed from several transitions. Indeed, they evolve into two quadruplets when a magnetic field is applied along z (Fig. 3(c) and (d) ). Each transition shows a preferential linear polarization either along π x or π y . Moreover, four transition exhibit preferential right circular polarization σ + and four have a stronger left circular polarization σ − . These polarizations result from the interplay between the crystal field of the nitrogen pair and the magnetic field. Because the field is not applied along one of the pair axes (x, y or z), its effect on the trion states is not trivial and the level structure cannot be directly compared to Fig. 1(a) .
Excitons and trions were never observed simultaneously on a given nitrogen pair, suggesting that residual electrons are bound to the pairs for a extended time as expected from the charge binding mechanism proposed in Ref. 22 . This residual electron can be provided by dopants in the vicinity of the nitrogen pair or in the surrounding AlGaAs barrier. Although the binding energy of trions could not be determined directly from a single pair, measurements on tens of exciton and trions reveal that the trions emission energy is ∼ 500 µeV lower then that of excitons. Trion states (in blue) are only specified by their hole angular momentum to simplify the notation.
Every state is dominated by an eigenstate of J z (coefficient in bold) and is weakly mixed. Electron eigenstates are given in green and are split by 600 eV. The initialization (readout) transition is represented by a black (red) arrow.
To evaluate the potential of this light-and heavy-hole trion for qubit operations presented in Fig. 1(c) -(e), a comprehensive analysis of the trion emission as a function of B z and polarization is presented next. The initial state of the transition is modeled with the hole Hamiltonian, H i = H CF +H Zh , where H CF describes the crystal field created by the nitrogen pair and H Zh the Zeeman effect. Using an invariant expansion, we can build an Hamiltonian for a system of C s symmetry [23] with the crystal field expressed in terms of the coefficient v x , v y , v z and v yz as follows,
where x, y and z are the nitrogen pair axes shown in fig. 2a and J i are the spin-3/2 Pauli matrices. The Zeeman Hamiltonian is
where K and L are coefficients for the isotropic and anisotropic Zeeman terms. To reduce the number of parameters involved, we assume that K, L and the diamagnetic shift coefficient C do not depend on the orientation of the magnetic field. The Zeeman Hamiltonian describing the final electron state is,
where g i are the electron g-factors, which are considered anisotropic.
This Hamiltonian is used to reproduce the emission energies at all fields and the polar- The electron g-factors are higher than the ones extracted for excitons bound to the pair emitting at 1508 meV [19] , indicating that an electron is more strongly bound when it is not forming an exciton. Because of the large value for L and K, the effective g-factor is positive for heavy-holes and negative for light-holes. A significant anisotropic Zeeman interaction for holes was also reported for excitons bound to nitrogen pairs in GaAs and GaP, although weaker than the one reported here. The diamagnetic shift extracted from the data is similar to the ones measured for excitons bound to nitrogen pairs of C 2v symmetry (1.99 µeV) and confirms that the extra charge is negative.
This physical model is now used to evaluate the merit of this center of C s symmetry for the proposed initialization, control and readout scheme. From the crystal field parameters, the magnetic field should be applied along z to minimize δ 3 and the optical axis is taken along x (Fig. 4(c) ). given that the closest transition lies ∼ 150 µeV at higher energy [3] . The splitting between electron states is 600 µeV and the spin control should be realized with a ∼ 1 meV broad laser. The quality of the readout can be defined by the branching ratio η between the allowed heavy-hole transition used for cycling and the corresponding forbidden transition.
We find η = 400 at 8 T, which is comparable to the oscillator strength ratio of 450 found from single-shot readouts realized in QDs [6] . Accounting for the range of extracted crystal field parameters, we estimate that 100 < η < 1000 for the studied nitrogen pair. Given that this value increases with the magnetic field, concurrent spin control and single-shot readout is realizable. It is interesting to note that this ratio can be significantly enhanced be selecting centers of higher symmetry: for D 2d and C 3v , δ 3 → 0 and η becomes very large.
Such centers are available in GaP:N and other isoelectronic impurity-host systems.
To conclude, simultaneously exploiting light-and heavy-hole selection rules enables single qubit operations in a single magnetic field configuration. Isoelectronic centres, with their large dipole moments [17] and the high optical homogeneity conferred by their atomic size, may prove to be convenient and powerful building blocks for implementing opticallycontrolled quantum information processing.
